graphene-based catalysts, and supported by either FTO or by stainless-steel/PEN fabric show similar solar conversion efficiencies between 6.9 and 7.9 % at 0.25 sun illumination.
In this work, we addressed all these challenges, and developed a Pt-free and FTO-free counterelectrode for the Co-mediated DSC. The alteration of the I 3 -/I -redox mediator by Cobased redox couples, like Co(bpy) 3 3+ /Co(bpy) 3 2+ provides larger open-circuit voltage of DSC [14] [15] [16] [17] [18] [19] [20] [21] and better transparency to visible light [3] . Actually, the state-of-art device with 13% efficiency used this particular mediator in acetonitrile solution and FTO-supported graphene nanoplatelets as the cathode catalyst [14] . Recently, the efficiency was boosted over 14% in a DSC device, using FTO-gold supported graphene nanoplatelets cathode and acetonitrile solution of Co(phen) 3 3+/2+ redox mediator [21] .
Avoiding Pt as a catalyst in Co-mediated DSCs is feasible, because carbons and particularly graphene-based materials provide good electrocatalytic activity for the Co 3+ /Co 2+ redox couple [14] [15] [16] [17] [18] [19] [20] [21] (for reviews on application of carbons in DSCs see refs. [16, 20, [22] [23] [24] [25] [26] [27] ) Although the electrocatalytic activity of optimized carbons (graphenes) is excellent for the Co 3+ /Co 2+ reaction (outperforming sometimes the activity of platinum [18] ) there is a practical issue that the interfacial adhesion of carbonaceous catalyst to the substrate is usually poor, which presents one of the main limitations of using Pt-free materials in DSC cathodes [25] . A way out seems to be the use of FTO-supported graphene oxide or composites containing graphene oxide [17] . However, this synthetic strategy requires (besides the undesirable FTO) also the catalyst annealing in Ar at high temperatures (450 o C) which are not compatible with fabric substrates containing polymers, like PEN. In this work we have addressed also this problem, and developed a low-temperature (≤200 o C) fabrication protocol towards well-adhering graphene catalysts to stainless steel sheets or wires in a woven fabric. To the best of our knowledge, this kind of cathode and DSC devices are studied here for the first time.
chemical were from Aldrich or Merck in the high purity available, and used as received from the supplier. LiTFSI was handled in a glove box under Ar.
GO was dispersed in water by repeated sonication/centrifugation to a concentration of 1 mg/mL. The other graphene-based component (GNO or SGNF) was dispersed in water by sonication and the dispersion was left overnight to separate larger particles by sedimentation.
The supernatant containing about 1 mg/mL was stable for several days without marked sedimentation. Precursor for composite electrodes was prepared by mixing this dispersion (GNP or SGNF) with GO solution to a desired proportion of both components. 
Methods
Scanning electron microscopy (SEM) images were obtained by a Hitachi FE SEM S-4800 microscope. The layer thickness was measured by profilometry (Dektak 150, Veeco).
Atomic force microscopy (AFM) images were acquired in contact mode using Nanoscope IIIa (Multimode, Bruker) with Si-nitride cantilever NP20 (spring constant nominal k = 0.16 N/m).
The optical spectra were measured by Perkin Elmer Lambda 1050 spectrometer with integrating sphere in transmission mode. The reference spectrum was air. Electrochemical measurements were carried out using Autolab PGstat-30 equipped with a FRA module (Ecochemie) controlled by the GPES-4 software. Electrochemical impedance data were processed using Zplot/Zview software. The impedance spectra were acquired in the frequency range from 100 kHz to 0.1 Hz, at 0 V bias voltage, the modulation amplitude was 10 mV. For photoelectrochemical tests, the light source was a 450 W xenon light source (Osram XBO 450, Germany) with a filter (Schott 113). The light power was regulated to the AM 1.5G solar standard by using a reference Si photodiode equipped with a color-matched filter (KG-3, Schott) to reduce the mismatch between the simulated light and AM 1.5G to less than 4% in the wavelength region of 350-750 nm. The differing intensities were regulated with neutral wire mesh attenuator. The applied potential and cell current were measured using a Keithley model 2400 digital source meter. The cell active area for illumination was defined by a light-shading mask.
Results and Discussion

Optimization of Electrolyte Solution
The diffusion of Co(bpy) 3 3+ (which is the low-concentration component of Co-based electrolyte solutions) is the key process controlling the ionic mass transport in these DSCs. It can be tested using symmetrical dummy cells, which are fabricated from two identical Pt@FTO electrodes with a thin layer of electrolyte solution sandwiched between them [16, 30, 31] .
Cyclic voltammogram (CV) of the reaction:
Co(bpy) 3 3+ + e -→ Co(bpy) 3
2+
( 1) in this dummy cell exhibits a plateau limiting current density, j L at sufficient overvoltages, when the current across the cell is diffusion-controlled:
(n = 1 is the number of electrons in reaction (1), F is the Faraday constant, c is the concentration of diffusion-limited species, Co(bpy) 3 3+ , D is the diffusion coefficient and δ is the distance between electrodes in a dummy cell).
An alternative method for the diffusion-rate assessment is electrochemical impedance spectroscopy (EIS). Depending on the nature of catalyst (see below) the impedance spectra of dummy cells are fitted to two different equivalent circuits (Figure S1 Supporting Info) [16] with R S = ohmic serial resistance, R CT, R 1 , R 2 = charge-transfer resistances, Z W = Warburg impedance and CPE, CPE 1 , CPE 2 = constant phase elements describing deviation from the ideal capacitance, due to the electrode roughness. In these model circuits, the Warburg impedance equals:
where W is the Warburg parameter and K N = (D/0.25δ 2 ) [16, 30, 31] . The impedance of constant phase element equals:
where B, β are frequency-independent parameters of the CPE (0≤ β ≤1). 3) for all the electrolyte solutions tested. In accord with earlier reports [8, [16] [17] [18] [19] 32] there is reasonable matching of the D values from CV and EIS.
Our maximal diffusion coefficient for pure (additives-free) propionitrile solution is 1.5•10 -6 cm 2 /s, i.e. the ionic transport of Co(bpy) 3 3+ is about 3-times slower compared to that in the optimized acetonitrile electrolyte solution, which was used previously for high-power (1 sun), 9.3%-efficient solar cells (D = 4.6•10 -6 cm 2 /s) [18] . Addition of sulfolane or EMI TCB causes a considerable drop of the mass-transport rate (Fig. 1) . Nevertheless, these low-volatile, viscous electrolyte solutions are still applicable for DSCs operating at low light intensities. For instance, at 0.1 sun, we expect photocurrents of ca. 2 mA/cm 2 in good cells [2] , and this current is supported by ionic-transport even with the 50 vol% additive in propionitrile (Fig. 1) .
Furthermore, larger currents can be achieved by decreasing of the inter-electrode spacing (δ) in DSC (vide infra). For subsequent tests of catalysts and the DSCs optimization, reported below, we have chosen the electrolyte solution with 11 vol % sulfolane as the reference medium.
Figure 1.
Limiting current of Co(bpy) 3 3+ transport (for δ = 30 µm) from cyclic voltammetry and the corresponding diffusion coefficient in electrolyte solutions composed of propionitrile solvent with varying amount of sulfolane (red curves) or ionic liquid (EMI TCB; blue curves). Diffusion coefficients were obtained either from cyclic voltammetry (j L ) or from impedance spectroscopy (EIS).
Optimization of cathode catalyst
Co(bpy) 3 3+ is produced in a DSC through dye regeneration near the illuminated anode, and is subsequently transported to the cathode by diffusion. Here, it is reduced back at a rate, which is ideally equal or higher than the rate of the Co(bpy) 3 3+ generation and its transport across the DSC. This quantifies the necessary exchange current density at the cathode, j o to be comparable with the photocurrent density on the TiO 2 photoanode. The latter is ca. 20 mA/cm ) (
R is the gas constant, T is temperature, n is the number of electrons in the electrode reaction, F is The AFM profile analysis indicates the thickness of GO res to be about 20 % of the original thickness of the pristine GO film. This proportion is reasonably matching the corresponding ratio of optical densities (GO res /GO ≈ 17 %) measured by UV-Vis spectra (Fig. S3) . The GO-GO res edge is not significantly damaged by an AFM tip at pressures as high as ≈ 0.15 GPa (Fig. S6 in Supporting Info).
To the best of our knowledge, the low-temperature activation of GO for the Co and SGNF, respectively. The last mentioned R CT (for SGNF) is the best charge-transfer resistance observed in this work. Unfortunately, the adhesion of the catalyst (GNP or SGNF) to the substrate is bad, in accord with earlier experience [17, 18] . To address this problem, we further tested composite materials containing GO in a mixture with either GNP or SGNF. These composites are coded GONPx or GONFx, respectively (x denotes the concentration of GNP or SGNF in wt%). Representative data are shown in Figure 4 . The EIS spectra of composite electrodes need to be fitted to a more complex equivalent circuit (model 2; Fig. S1 ). It is based on a serial combination of two R-CPE elements, originating from two distinct subunits: one directly interacting with FTO (R 1 -CPE 1 ) and the other (R 2 -CPE 2 ) being interfaced in series [17] . The found charge transfer resistances R 1 &R 2 equal (in Ωcm In addition to FTO, also stainless steel is a suitable substrate for our GO-containing catalysts. Figure 5 presents an example plot for symmetrical dummy cell from AINSI 316 stainless steel sheet, which was coated by graphene oxide activated at 200 o C. Fitting of this impedance spectrum to model 1 (Fig. S1 ) equivalent circuit provided R CT = 6.9 Ωcm 2 , which is close to the R CT value of the same catalyst on FTO substrate (7.9 Ωcm 2 ), see Figure 6 presents example data, which were fitted to the equivalent circuit of DSC ( Figure   S8 in Supporting Info). At the used experimental conditions (forward bias near V oc in dark) we observe distinguished high-frequency semicircle assignable to the counter-electrode. The second semicircle is assigned to recombination resistance at TiO 2 /electrolyte solution interface, which is parallel to CPE µ , modelling the chemical capacitance in TiO 2 (transport resistance in TiO 2 is negligible at these conditions). The third (lowest frequency) arc is assigned to Warburg impedance in the electrolyte solution.
The found counter-electrode's R CT values were 2.6 Ωcm 2 (for Pt@FTO cathode) and 3.2 Ωcm 2 (for GONP50@FTO cathode) from the spectra in Fig. 6 . The Pt-cathode in DSC exhibits similar charge-transfer resistance to that determined in the corresponding dummy cell (2.5 Ωcm 2 ;
see Fig. S1 and discussion thereof). Our values are comparable or better than those reported by Jeon et al. [34] , who had analogously measured EIS both on their dummy cells and DSCs. In the case of GONP50, the situation is more complex, because fitting of the highest-frequency semicircle in the DSC spectrum to a circuit of composite cathode (cf. model 2 in Fig. S1 ) was not reliable in this case. Nevertheless, the overall average value of charge-transfer resistance, R CT found for the GONP50-based DSC cathode (3.2 Ωcm 2 ) is not far from the resistances R 1 &R 2 (1.7&5.4 Ωcm 2 ) observed for the dummy cell (cf. Fig. 4a ). This comparison also demonstrates, that the symmetrical dummy cells allow for more accurate analysis of subtle effects on the counterelectrode than the complete DSC. Detailed data from solar tests are summarized in Table 1 . They confirm that DSC with graphenebased cathode (GONF70) exhibits comparable or even slightly better (at 0.25 sun) efficiency compared to that for DSC with thermally made Pt@FTO cathode. Furthermore, the dark current is almost identical for both cathode types, which is an indirect proof of firm adhesion of the catalyst to cathode substrate [17, 18] . Finally, we tested the performance of our steel/PEN-fabric counterelectrodes in dyesensitized solar cell. There are three main advantages of the fabric-based electrodes (over FTO):
cheaper price, better conductivity and better optical transmittance [8] . The structure of our Sefar-B23 fabric is shown on Figure S9 (Supporting info). It depicts the SEM images of the fabric, which was coated by graphene oxide or GONF80 and activated at 200 o C in air. Obviously GO is deposited in irregular islands on the PEN fibers, which are visualized through differential charging during SEM measurement. On the other hand, the coating of stainless-steel wire by GO is perfectly homogeneous, as shown on the detailed view of the wire surface ( Figure S9 ) and also on its energy-dispersive X-ray (EDX) spectroscopic mapping ( Figure S10) . Contrarily, the GONF80-coated wire exhibits distinct morphology with fibrous particles well adhering to the surface (Figures S9 and S10).
Our grids had low sheet resistance (< 1 Ω/sq in the direction of the steel wires) which is significantly outperforming the resistivity of FTO (10-15 Ω/sq). Optical transmittance is also better for the naked pure grids, although the carbon coating causes its decrease by about 10 %, see Figure S11 in Supporting Info. (The coating of PEN causes unwanted darkening of the fabric, too, but it is unavoidable in the dip-coating deposition). Another concern associated with a grid electrode is the complicated mass-transport geometry [8] . Table 1 . It turns out that both Pt and graphene-based catalysts behave similarly in the actual DSCs, independent of the used cathode support (FTO or steel wire in a fabric). The overall slightly smaller efficiency of fabric-based DSCs is presumably caused by hindered mass transport in the fabrics. Again, we note negligible differences in the dark current for Pt-and GONF80-catalysts on fabric supported cathodes, which is indirect argument in favor of good catalyst adhesion [17, 18] . Although the diffusion coefficient of Co(bpy) 3 3+ is ca. 3-times smaller in propionitrile solutions (referenced to acetonitrile solutions) it is still sufficient to support the adequately fast ionic charge-transport in DSCs working at low illumination intensity (≤0.25 sun).
Highly-active catalysts for the electrochemical charge-transfer in the Co(bpy) 3+ /Co(bpy) 2+ couple
can be prepared at temperatures as low as ≤200 
